Introduction
The lack of detailed knowledge of aerosol single scattering albedo (ω 0 ), the fraction of intercepted radiation that is scattered, is one of the largest uncertainties in climate forcing assessments (Houghton et al., 2001) . A decrease in ω 0 from 0.9 to 0.8 can often change the sign of radiative forcing from negative to positive, depending on the albedo of the underlying surface and the altitude of the aerosols (Hansen et al., 1997) . Modeling of aerosol absorption is complicated by chemical composition, size distribution and aerosol morphology. Emissions of carbonaceous compounds (soot) from biomass burning and industrial pollution remain a major source of uncertainty affecting the aerosol absorption (Chylek et al., 1995; Haywood and Shine, 1995; Penner et al., 1998; Li and Kou, 1998; Ackerman et al., 2000 , Ramanathan et al., 2001 . A global continuous measurement of ω 0 could reduce significantly this uncertainty.
Spaceborne measurements provide an opportunity to capture the large spatial and temporal variation of ω 0 (King et al., 1999) . Satellite instruments such as MODIS that observe backscattered visible and infrared radiances reveal a wealth of information about aerosol optical depth (Kaufman et al., 2002b) , however they are insensitive to ω 0 over dark surfaces (Kaufman et al., 1997) . Over the oceans, sunglint can be used as a bright background against which aerosol absorption can be measured from space (Kaufman, et al., 2002a) . Similarly, Rayleigh scattering acts as a bright background in the ultraviolet so that the TOMS aerosol index is sensitive to the combination of aerosol optical depth and ω 0 (Herman et al., 1997 , Torres et al., 1998 . The sensitivity of ultraviolet measurements to ω 0 is being applied to retrieve ω 0 from the Ozone Monitoring Instrument .
In this paper, we determine ω 0 by combining measurements from the TOMS and MODIS instruments. We use a linearized discrete ordinate radiative transfer model (LIDORT) (Spurr et al., 2001 ) and look-up table approach to retrieve the global distribution of ω 0 . The retrieved ω 0 values are then validated with ground-based retrievals from AERONET (Dubovik et al., 2002) and in-situ measurements.
Methodology
The backscattered radiance measured by satellite sensors is composed of contributions from the atmosphere and surface. Scattering and absorption by aerosols produces a signal in the backscattered radiance that can be used to retrieve the aerosol properties. Our retrieval of ω 0 requires prior information described below. The TOMS Aerosol Index is the ω 0 sensitive measurement. Independent information on aerosol optical depth and on the relative aerosol vertical profile are used to constrain other parameters to which the TOMS Aerosol Index is sensitive.
TOMS Aerosol Index
The Earth Probe (EP) TOMS satellite instrument was launched in July 1996 into a sun-synchronous orbit with an equator crossing time of 11:15 AM. The field of view is 40 km by 40 km in the nadir and increases with scan angle. The TOMS Aerosol Index (AI) measures the spectral contrast at two different ultraviolet wavelengths (Herman et al., 1997 , Torres et al., 1998 :
where I a is the backscattered radiance with aerosols and I 0 is the backscattered radiance without aerosols. In the case of EP TOMS, λ 1 =331 nm and λ 2 =360 nm. Figure 1 shows the Aerosol Index for different seasons. The Aerosol Index increases with aerosol absorption, aerosol abundance, and aerosol altitude. The largest values are found over regions with an abundance of mineral dust or soot which absorbs in ultraviolet. The Aerosol Index reaches a seasonal maximum over the Sahara during boreal summer, associated with surface cyclones that erode particles from topographic depressions in desert regions and with intense solar heating that transports particles into the free troposphere through dry convection (Herman et al., 1997; Ginoux et al., 2001 ). The seasonal variation in the Aerosol Index over biomass burning regions is most apparent over South America (Hsu et al., 1996) and central Africa (Herman et al., 1997 (Chin et al., 2000) such as the northern midlatitudes and regions with enhanced sea salt such as the high latitude oceans (Gong et al., 1997) . Similarly the Aerosol Index is insensitive to clouds since they produce little spectral contrast in the ultraviolet. Absorbing aerosols can be detected over snow, ice and clouds (Hsu et al., 1999) . Torres et al. (1998) pioneered the concept of retrieving ω 0 from TOMS measurements at ultraviolet wavelengths. Their retrieval of ω 0 employed the magnitude of the backscattered radiance in the ultraviolet as well as the ratio of the two TOMS aerosol channels. However, the magnitude of backscattered radiance is affected by sub-pixel cloud contamination over the TOMS field of view. Colarco et al. (2002) subsequently developed a retrieval of aerosol single scattering albedo that is independent of absolute backscattered radiance, by combining the TOMS Aerosol Index with constraints on aerosol optical depth from a chemical transport model. We extend their approach here using observations of aerosol optical depth from the MODIS satellite instrument.
Aerosol Optical Depth from MODIS
The MODIS instrument was launched on board the Terra satellite in December 1999 into a sun-synchronous orbit with an equator crossing time of 10:30 AM. Aerosol optical depth is determined from MODIS measurements over ocean (Tanre et al., 1997) and dark land surfaces (Kaufman et al., 1997) through observations at visible and infrared wavelengths. Cloud screening (Ackerman et al., 1998 ) occurs over both surface types. The 500 m spatial resolution of MODIS greatly reduces subpixel cloud contamination. Observations over bright land surfaces are rejected. The optical depth determined by matching with the values computed with pre-calculated look-up tables is accurate to 20 percent +-0.05 over land (Chu et al., 2002) and to 5 percent +-0.03 over ocean .
Relating the MODIS observations of aerosol optical depth to the TOMS Aerosol Index involves accounting for their different wavelengths of observation. The shortest wavelength at which aerosol optical depth is available from MODIS is 470 nm. AERONET collects extensive optical and microphysical information about aerosols through worldwide ground-based Sun and sky scanning radiometers . A filter wheel allows measurements in up to 8 spectral bands centered at 0.34, 0.38, 0.44, 0.56, 0.67, 0.87, 0.94, and 1.02 µm. Typically, the Angstrom Exponent α is defined
where τ λ1 and τ λ2 are the optical depths measured at two wavelengths. We spatially interpolate the Angstrom exponents determined from AERONET measurements at 380 nm and 440 nm to produce a global field. are found over regions with a high abundance of sub-micron aerosols. High SO 2 oxidation rates during summer contribute to seasonal enhancements in aerosol optical depth over the eastern United States, Europe, and East Asia (Chin et al., 2000a (Chin et al., , 2000b . The seasonal variation in aerosol optical depth over Africa is driven by biomass burning (Chu et al., 2003) . Mineral dust contributes to enhancements over the northern tropical Atlantic downwind of the Sahara, especially during JJA (Kaufman et al., 2005) .
High values of aerosol optical depth are seen over East Asia and the western Pacific Ocean during spring and summer, associated with dust storms and industrial pollution (Chu et al., 2005) . Most deserts or snow/ice regions are excluded due to high surface reflectivity ( Chu et al., 2002) . Comparison with Figure 1 shows that the TOMS aerosol index is sensitive to absorbing aerosols (i.e. over regions of biomass burning and mineral dust), but insensitive to scattering aerosols (i.e. over industrial regions).
Aerosol profiles from the GEOS-CHEM model
Our retrieval of ω 0 requires independent information on the aerosol profile to account for the altitude dependence of ultraviolet measurements. Given the lack of observational data at the global scale, we use aerosol profiles calculated with the GEOS-CHEM chemical transport model , Park et al., 2004 . The model is driven by assimilated meteorological data from the Goddard Earth Observing System (GEOS-3) at the NASA Global Modeling and Assimilation Office (GMAO). Meteorological data for 2000 are available with 6-hour temporal resolution (3-hour resolution for surface variables and mixing depths), 1
• horizontal resolution, and 48 sigma vertical layers.
We use version 7-01-02, http://www-as.harvard.edu/chemistry/trop/geos/index.html) at 2 • x 2.5
• horizontal resolution. The lowest model layers are centered at 10, 50, 100, 200, 400, 600, 900, 1200, and 1700 m above the local surface.
The GEOS-CHEM aerosol simulation includes the sulfate-nitrate-ammonium system, black carbon, primary organics, mineral dust, and sea salt. The simulation of carbonaceous aerosols treats hydrophobic and hydrophilic aerosols as separate transported species (Park et al., 2005) . The aerosol and oxidant simulations are coupled through formation of sulfate and nitrate heterogeneous chemistry (Jacob, 2000) and aerosol effects on photolysis rates . Wet deposition includes contributions from scavenging in convective updrafts, rainout from convective anvils, rainout and washout from large scale precipitation, and species dependent release of gases upon cloud droplets freezing (Liu et al., 2001 ); extension to moderately soluble gases with low retention efficiencies is as described by Park at al. (2004) . Dry deposition is simulated with a standard resistance-in-series model dependent on local surface type and meteorological conditions (Wang et al., 1998) .
Retrieval
Our retrieval calculates the column effective ω 0 necessary to reproduce the observed TOMS aerosol index, given the observed MODIS aerosol optical depth and the modeled aerosol relative vertical distribution. It uses a look-up table of backscattered radiances at two ultraviolet wavelengths (331 nm and 360 nm) for a variety of atmospheric and surface conditions as a function of all sun-satellite viewing geometries. A linearized discrete ordinate radiative transfer model (Spurr et al., 2001; , is used to create the look-up table. The model uses an internal perturbation analysis of the complete discrete ordinate solution in a plane parallel multi-layered multi-scattering atmosphere to translate changes in atmospheric quantities into top-of-atmosphere radiance. The surface is assumed to be Lambertian, based on surface albedo dataset at 360 nm determined from TOMS by Herman et al. (1997) . The optical properties of aerosols are characterized by the spectral extinction coefficient, ω 0 and the phase function which is represented by the moments of Legendre expansion polynomials. We use a Mie scattering algorithm (Mie, 1908) for spherical particles and the T-Matrix algorithm (Mishchenko, et al., 1995) for non-spherical dust particles to calculate the optical quantities. Table 1 presents the refractive indices of pure aerosol types at 360 nm and 331 nm in this study.
Refractive indices of pure sulfate, soot, dust and sea salt are based on Toon et al. (1976 ), d'Almeida (1991 and Schuster et al. (2005) . As the complex refractive index of dust aerosols is quite variable (Sokolik and Toon, 1999) , the value at 360 nm is allowed to vary from 0.004 (i.e. Colarco et al., 2002) to 0.02 (i.e. Patterson et al., 1977 ) with a stepsize of 0.002. Following Colarco et al. (2002) ; the value at 331 nm is set to be 20 percent larger than the value at 360 nm. The size distribution of aerosols is assumed to be lognormal with mode radius as a free variable, and a fixed standard deviation of 1.45 as determined from field campaigns (Dubovik and King, 2000; Wang et al., 2002) . The mode radius can vary from 0.01 µm to 1 µm for soot, and 0.01 µm to 5 µm for dust and sea salt at increments of 0.0025 µm.
The look-up table is searched through all possible combinations of fraction of soot, mode radius and the complex refractive index of dust to match the observed TOMS aerosol index. We use a chi-squared (χ 2 ) minimization method to select the most likely solution following Hu et al. (2002) .
where AI measure is the measured aerosol index, AI calc,j is calculated aerosol index for possible solution j, and σ is the standard deviation of the measurements.
The ω 0 is determined by the particle size distribution, spectral refractive index, and the abundances of sulfate, soot, mineral dust, sea salt and organics in external mixing mode:
where f is the fraction of aerosol optical depth and ω is the single scattering albedo of a specific aerosol type.
Sea water absorption of ultraviolet radiation is not well quantified due to a paucity of reliable measurements (Vasilkov et al., 2002) . We identify oceanic regions where clear water absorption dominates the TOMS AI as locations where the TOMS AI exceeds 0.5 and the MODIS AOD is less than 0.25, and exclude such locations from the retrieval. Forcing Observational Experiment (TARFOX) in July 1996 over the eastern US and western Atlantic ocean (Russell et al., 1999 , Hignett et al., 1999 . We find similar values during summer over and downwind of eastern North America, and more scattering aerosols during the rest of year. of ω 0 occurring in India during spring may be explained by seasonal biomass burning (Duncan et al., 2003 , Menon et al., 2002 , Street et al., 2003 and dust particles transported from Sahara. The seasonal minimum during spring over China is associated with frequent dust storms and long range transport to large area of East Asia (Zhang et al., 2005) .
Results, Validation and Discussion
We validate our retrieval using coincident measurements of ω 0 available from AERONET. Dubovik et al. (1998) retrieved ω 0 from the spectral measurements of direct and diffuse radiation using a radiative transfer code which accounts for multiple scattering (Nakajima et al., 1983) . The expected accuracy is 10-15 percent. We extrapolate the ω 0 at AERONET wavelengths to ω 0 at TOMS wavelengths to account for the spectral dependence of the ω 0 . All Level 2 data which are available in North America are used. Table 2 identifies the major sources of error in the retrieval and summarizes their individual contribution. We estimate the sensitivity of retrieved ω 0 to uncertainty in aerosol optical depth and surface reflectivity by conducting a synthetic retrieval of ω 0 over a range of values and subsequently examining its performance. Figure 5 shows that the uncertainty of retrieved ω 0 decreases with increasing aerosol optical depth. As discussed in section 2.2, the uncertainty in the MODIS aerosol optical depth is 20 percent +-0.05 over land (Chu et al., 2002) and 5 percent +-0.03 over ocean (Remer et al., 2003) . The corresponding error in our retrieval is spatially variable with a typical value of +-0.08. Uncertainty in surface reflectivity results in a typical uncertainty in ω 0 of less than 0.02. The radiometric errors in the TOMS instrument are less than 1 percent (Levelt et al., 2000) , yielding a typical uncertainty in ω 0 of 0.01.
Uncertainty Analysis
As discussed in section 2.2, we used the Angstrom exponents from AERONET to relate the MODIS optical depth at 470 nm to ultraviolet wavelengths. However, few stations exist in oceanic regions.
An alternative is to substitute the values over the ocean with the Angstrom exponents from MODIS measurements at 470 nm and 660 nm. These two methods can lead to the difference of our retrieval results of 11 percent.
Due to atmospheric scattering, the aerosol profile also influences the backscattered radiance The retrieved ω 0 is sensitive to the refractive index. Organic aerosols could be more absorbing in the ultraviolet than assumed here if the aerosols contain chromophore functional groups (Jacobson, 1999) . A sensitivity test in which the imaginary part of the refractive index is doubled changes the retrieved ω 0 by +-0.02.
Considering possible sources of uncertainty, our retrievals can reach the accuracy to +-15 percent.
The Angstrom exponent makes the largest contribution to the retrieval uncertainty at higher value of aerosol optical depth, and the optical depth makes the largest uncertainty of retrieval at lower value of aerosol optical depth.
Conclusions
We present a new approach to retrieve the column effective aerosol single scattering albedo We validate our retrieval using coincident observations from the Aerosol Robotic Network (AERONET) over North America. The two datasets exhibit a high degree of consistency with a correlation coefficient of 0.75, slope of 0.93 and intercept of 0.078. We conduct a variety of sensitivity analyses to assess the retrieval uncertainty. The dominant terms are the Angstrom exponent, the aerosol optical depth and aerosol profiles contributing to a total uncertainty of 15 percent. The retrieval uncertainty decreases with increasing aerosol optical depth, suggesting that our retrieval procedure works better in more turbid atmosphere. Additional constraints on aerosol vertical profile from the CALIPSO satellite (Winker et al., 2003) would improve future retrievals of ω 0 . Further characterization of sea water absorption at ultraviolet wavelengths should improve retrievals over ocean.
Of concern of the current work are errors introduced by using two satellite instruments with different spatial resolution, slightly different observation times, and different calibrations. We used monthly-mean fields to minimize these errors. Future design of a single satellite instrument that has very high spatial resolution for cloud-clearing, and includes ultraviolet wavelengths, would enable retrieval of ω 0 for individual scenes. The standard deviation of Single Scattering Albedo (SSA) between retrieved and synthetic values for testing our retrieval method how sensitive to the aerosol optical depth. Solid: surface reflectivity=0.05; dashed: surface reflectivity=0.08; dotted: surface reflectivity=0.15. Figure 6 . The difference of retrieved Single Scattering Albedo (SSA) between using the aerosol profiles generated from GEOS-CHEM and using global mean aerosol profile (July 2000). 
